Summary. Insulin-induced hypoglycaemia causes profound haemodynamic changes, commonly ascribed to catecholamine increase. The aim of the present study was to investigate the influence of insulin-induced hypoglycaemia on nonadrenergic factors potentially involved in haemodynamic regulation: angiotensin II and alpha-human atrial natriuretic polypeptide. Fourteen healthy male subjects, aged 25.5+0.74years, body mass index 23.81 +0.68 kg/m 2, received (after an overnight fast and at least 60 rain rest in a supine position) an i.v. bolus injection of human regular insulin (Actrapid HM, Novo, Bagsvaerd, Denmark: 3.84 U/m2). Serial venous blood samples were drawn in the following 150 rain, to measure plasma glucose, angiotensin II, alpha-human natriuretic polypeptide, and factors potentially involved in the regulation of the renin-angiotensinaldosterone system. During the study, we observed a plasma glucose fall, reaching a nadir of 1.95 +_ 0.11 retool/1 between 25 and 30rain, and an increase of angiotensin II (from 7.6+_0.8 to 13.5+1.1 pg/ml, p=0.01, quadratic model evaluated by an analysis of the variance for repeated measures), whereas atrial natriuretic polypeptide remained unchanged. As far as the regulation of the renin-angiotensin-aldosterone system is concerned, the increase of angiotensin II is attributable to the increased plasma renin activity, whereas angiotensin converting enzyme was not modified. The increase of plasma renin activity, in turn, is attributable both to the increased catecholamine concentrations and to the decreased potassium levels. Both adrenocorticotropic hormone and angiotensin II are potentially involved in the hypoglycaemiainduced increase of aldosterone concentrations.
Insulin-induced hypoglycaemia causes profound haemodynamic changes, modifying heart rate, cardiac output, stroke volume, left ventricular ejection fraction, plasma volume, blood pressure and vascular resistances [1] [2] [3] [4] [5] .
The aim of the present study was to verify whether insulin-induced hypoglycaemia modifies plasma concentrations of two factors potentially involved in some of these changes: angiotensin II and alpha-human atrial natriuretic polypeptide. As is well known, angiotensin II is a potent vasoconstrictor agent [6] produced by the enzymatic cleavage of angiotensin I by angiotensin converting enzyme; angiotensin I, in turn, derives from the cleavage of angiotensinogen by renin [7] . It has already been observed that insulin-induced hypoglycaemia causes an increase of plasma renin activity [8] [9] [10] [11] . In the present study, the aim was to determine whether hypoglycaemia increases the concentrations of angiotensin II. Throughout the study, we measured also the possible regulating and co-regulating factors of renin, angiotensin II and aldosterone production: namely, plasma potassium, which decreases renin secretion [12] and increases aldosterone release [13] ; adrenaline, noradrenaline and cortisol, which stimulate renin secretion [:14, 15] ; dopamine, which reduces the concentrations of angiotensin II [16] ; angiotensin converting enzyme, which promotes the cleavage of angiotensin I in angiotensin II [7] , and adrenocorticotropic hormone (ACTH), which regulates the production of aldosterone [17] and also stimulates renin release [15] .
As far as the atrial natriuretic polypeptide is concerned, its different actions have been recently described in detail [18, 19] : briefly, this peptide, produced by mammalian atrial cardiocytes, possesses natriuretic, vasorelaxant and aldosterone inhibiting properties, deeply influencing blood pressure and electrolyte homeostasis; its direct vasorelaxant effect on arterial smooth muscle cells, mediated by cyclic guanosine monophosphate, is reported to antagonise the vasoconstrictor effects of both angiotensinII and noradrenaline; furthermore, atrial natriuretic polypeptide causes a reduction of intravascular volume and a rise of haematocrit. It could, therefore, be involved in the reduction of vascular resistances, diastolic blood pressure and plasma volume [2] [3] [4] [5] and in the rise of haematocrit [1] occun-ing during insulin-induced hypoglycaemia.
Subjects and methods
Fourteen healthy male volunteers, aged 25.5+0.74~ears (mean_+ SEM), with a body mass index of 23.81 __0.68 kg/m~, gave their informed consent to participate in the study. They did not take any medication during the three weeks before the study, and were on a weight-maintaining diet without sodium restriction. After an overnight fast and at least 60 min rest in a supine position, the subjects underwent the studies between 09.30 and 10.00 hours, while in a supine position. The reported investigations have been performed in accordance with the principles of the Declaration of Helsinki, reported in Diabetologia (1978) 15:431-432
Study A
The subjects received an i.v. bolus injection of human regular insulin (Actrapid HM, Novo): 3.84U/m 2 (7.36+_0.'i7 U), and were studied both immediately before the i.v. insulin bolus and in the following 150 min. Serial venous blood samples were drawn through an indwelling n.I9 butterfly needle kept patent with normal saline to determine, at 5-min intervals, plasma glucose (Beckman Glucose Analyzer, Beckman, Fullerton, Calif, USA); at 15-rain intervals and as near as possible to the measured hypoglycaemic nadir to determine plasma renin activity (RIA, Kit Sorin, Saluggia, Vercelli, Italy), angiotensin II (RIA, Kit Bfihlmann, Sh6nenbuch, Switzerland, after ethanol extraction), aldosterone (RIA, Kit Ares Serono, Milano, Italy), adrenaline, noradrenaline, and, in 6 subjects, dopamine (high performance liquid chromatography with electrochemical detector, as previously described) [20] , ACTH (RIA, Kit Mallinckrodt, Dietzenbach, FRG), cortisol (RIA, Kit Ares Serono), alpha-human atrial potassium by flame photometry, and haematocrit by the counter Technicon H lth System (Technicon Chemicals, Tournai, Belgium). The volumes of blood withdrawn for the samples were promptly replaced with equal volumes of normal saline. Throughout the study, blood pressure was measured by means of a cuff manometer at 5-10 min intervals, and heart rate was recorded at the same time intervals.
Study B
A control study was carried out on another occasion in randomised order, with the same venous blood samples drawn throughout a 150-rain saline infusion.
Statistical analysis
All values are presented as mean +_ SEM. Since the design of experiments consisted of repeated measures of the same parameters over time, an analysis of variance (ANOVA) for repeated measures was applied, using the program BMDP 2V with orthogonal decomposition [21] , which also tests the significance of different polynomial models.
Results

Study A
Plasma glucose showed a basal concentration of 5.16 +_ 0.08 mmol/1. The hypoglycaemic nadir of the different subjects occurred between 25 and 30 min, reaching a mean value of 1.95 +_0.11 mmol/1 (Fig.2) . As pictured in Figure 1 , we observed throughout the study a significant increase of heart rate (p=0.001, quadratic model, indicating the reversibility of the phenomenon), and of systolic blood pressure (p--0.001, quadratic model), whereas diastolic blood pressure significantly decreased (p= 0.0001, quadratic model). Throughout the study, haematocrit transiently increased, from 43.9 +_ 0.33% to 45.3 + 0.67% at the hypoglycaemic nadir and 44.13 _+ 0.56% at 60 min, with a subsequent return to basal values (p= 0.02, quadratic model).
As far as the renin-angiotensin-aldosterone system is concerned, Figure 2 shows a significant, reversible increase (quadratic model: p= 0.008, p= 0.01 and p= 0.009 for plasma renin activity, angiotensin II and aldosterone, respectively). Angiotensin converting enzyme remained unchanged, showing levels of 407 + 51,400 + 45, 380_+ 31, 379 +-32 and 390 +-45 U/1 at 0 rain, hypoglycaemic nadir, 60, 120 and 150 rain, respectively. As far as the regulating factors of this system are concerned, Table I shows a decrease of plasma potassium (p= 0.008, linear model), and a reversible increase (quadratic model) of adrenaline (p= 0.003), noradrenaline (p= 0.004), doparnine (p= 0.05), ACTH (p= 0.01) and cortisol (p= 0.008).
Alpha-human atrial natriuretic polypeptide remained unchanged (Fig. 2) .
Study B
No significant change was observed in the parameters investigated. In particular, angiotensin II concentrations at 0, 30, 60, 90, 120 and 150 rain were: 8.1 +0. 
Discussion
During insulin-induced hypoglycaemia, we observed an increase in heart rate and systolic blood pressure, a decrease in diastolic blood pressure,, and a reduction of plasma volume, as indicated by the rise of haematocrit.
Hypoglycaemia-induced haemodynamic changes are commonly ascribed to adrenaline and noradrenaline. This study shows that other factors also potentially involved in the haemodynamic balance are modified during insulin-induced hypoglycaemia in normal humans.
First at all, this study demonstrates that insulin-induced hypoglycaemia causes a significant increase not only of plasma renin activity, as previously described [8] [9] [10] [11] , but also of angiotensin II, a peptide with different effects on the haemodynamic and electrolytic regulation. Actually, it is not only a very potent vasoconstrictor agent [6] , but also stimulates aldosterone biosynthesis and secretion [22, 23] , exerts direct effects on renal mesangial [24] and tubular cells [25] modifying the sodium and bicarbonate transport in the proximal convolute tubule [25, 26] , induces the thirst mechanism [27] , enhances the sympathetic tone [28] , facilitates the noradrenergic neurotransmission [29] and, finally, shows angiogenetic properties [30] . Furthermore, this study demonstrates that a hypoglycaemia-induced increase of angiotensin II is attributable only to the increased enzymatic cleavage of angiotensinogen to angiotensin I by renin, since angiotensin converting enzyme remained unchanged throughout the test. As far as the regulation of renin increase during hypoglycaemia is concerned, it is likely that the main role is exerted by the enhanced catechotamine concentrations, with a beta-adrenergic mechanism involving cyclic adenosine monophosphate. The hypoglycaemiainduced increase of plasma renin activity is prevented by the beta-adrenergic blockade with propanolol and potentiated by the phosphodiesterase inhibitor theophilline [9] . A possible additive role of the insulin-induced plasma potassium decrease [31] and of the hypoglycaemia-induced ACTH and cortisol increase cannot, however, be ruled out, since these factors are involved in renin secretion [12, 15] . The decrease in plasma potassium seems to be only an additive factor in the presence of an intact adrenergic system, since the increase in plasma renin activity in dogs during insulin-induced hypoglycaemia also persists when plasma potassium concentrations are kept steady [8] . However, potassium fall could be important in sustaining the plasma renin activity increase in response to hypoglycaemia in the absence of an active adrenergic system, as described in sympathectomised subjects [11] . We have recently observed that the acute potassium fall caused by an insulin infusion reaching and maintaining for 30 rain the concentration of -160 gU/ml during an euglycaemic insulin clamp causes an increase in plasma renin activity in the absence of any adrenergic activation [32] .
As far as the increase in aldosterone is concerned, it must be emphasised that insulin-induced hypoglycaemia is accompanied by changes in the three main regulating factors of aldosterone secretion by the adrenal glomerulosa cells: potassium, ACTH and angiotensin II [13, 17, 23] . The increase of the first two agonists overcomes the inhibitory effect of the potassium decrease. Since it has been shown that aldosterone release following hypoglycaemia may occur independently of ACTH stimulation [33] , the increase of angiotensin II that we demonstrate in this paper seems to be particularly important in sustaining hypoglycaemia-induced aldosterone secretion.
As far as alpha-human atrial natriuretic polypeptide is concerned, no change was detected throughout the study, in agreement with a previous observation showing that this peptide remains unchanged both at the hypoglycaemic nadir and in the following 60 min [34] . Our study demonstrates that it does not change even in the late recovery phase. This finding could be of relevance, since diastolic blood pressure decreaseindex of vascular resistance fall-persists a long time (Fig.l) . So, the reduction of vascular resistances observed during insulin-induced hypoglycaemia cannot be ascribed to the vasodilatory actions of this peptide. Furthermore, it can be suggested that hypoglycaemia does not modify the atrial distension enough to elicit its secretion. Finally, since it has been observed that noradrenaline can stimulate the release of atrial natriuretic polypeptide [35] , the simultaneous measurement of catecholamines in the present study enables us to conclude that the hypoglycaemia-induced increase of noradrenaline does not reach levels able to exert this effect. It is interesting to consider that the lack of atrial natriuretic polypeptide secretion differentiates hypoglycaemia from another condition characterised by similar haemodynamic and hormonal effects, such as acute physical exercise [36] .
In conclusion, the profound haemodynamic changes caused by insulin-induced hypoglycaemia are due to the dynamic interaction between the vasoconstrictor and the vasodilating effects exerted by different factors in different areas, with regional variations of blood flow [5, 37] . Catecholamines certainly play an essential role in these phenomena, both directly and indirectly, since they regulate the secretion of non adrenergic agents potentially involved in haemodynamic changes, such as angiotensinII. Among catecholamines, we observed also an increase of dopamine, which confirms its release under stress conditions [38] . The physiological role of circulating dopamine needs further investigation. Recent studies performed using agonists and antagonists of specific dopamine receptors suggest, however, that dopamine is not only a cerebral neurotransmitter, but also plays a physiological role in blood pressure regulation, with direct and indirect vasodilating effects exerted mainly in the coronaric, mesenteric, renal and cerebral vascular districts [39] . The role of dopamine in hypoglycaemia-induced vasodilation needs to be further evaluated, whereas alpha-human atrial natriuretic polypeptide is certainly not implicated in this haemodynamic phenomenon.
